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DUAL WORK FUNCTION RECESSED
ACCESS DEVICE AND METHODS OF
FORMING

RELATED PATENT DATA

[0001] This patent resulted from a continuation application
of' U.S. patent application Ser. No. 11/432,270, filed May 11,
2006, entitled “Dual Work Function Recessed Access Device
And Methods Of Forming”, naming Venkatesan Ananthan
and Sanh D. Tang as inventors, the disclosure of which is
incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to transistors and
methods of making transistors in semiconductor devices.
More particularly, the present invention relates to transistors
formed of multiple materials having differing work functions.

[0004] 2. State of the Art

[0005] Transistor devices are used with semiconductor
devices for numerous purposes, and such use is well known.
The characteristics of transistor devices are also well known
and documented so that further research may improve the
transistor devices. For example, in the case of NMOS tran-
sistor devices, it is well known that the drive current of an
NMOS transistor device will be higher when a high work
function gate material is used as opposed to a low work
function gate material. The drive current is stronger in a high
work function material because the substrate doping can be
much lower with the high work function material, resulting in
mobility improvement and the improved drive current.

[0006] Similar to NMOS transistor devices, access transis-
tor devices used with memory devices, such as DRAM
memory, exhibit a higher drive current when a high work
function material is used to form the access transistor as
compared to when a lower work function material is used.
However, the use of a high work function material to form an
access transistor in a memory device may lead to off-state
leakage across the access transistor. Off-state leakage
includes current leakage that occurs when the access transis-
tor is in an “off” state. Typically, off-state leakage includes
two types of leakage: sub-threshold leakage between a source
and a drain region associated with the access transistor and
leakage between the drain and the substrate of an access
device. The leakage from the drain to the substrate may
include both junction leakage and gate-induced drain leak-
age. Junction leakage may include Schokley-Read-Hall type
junction leakage and is undesirable. Gate-induced drain leak-
age (GIDL) is also undesirable.

[0007] Recessed access devices (RADs) used as access
transistors in memory devices are especially susceptible to
gate-induced drain leakage when in an “off” state. The gate-
induced drain leakage of a RAD structure dominates the
off-state leakage that occurs with such devices. Thus the
refresh rate of a RAD structure, and a memory device
employing RAD structures, may be dependent upon the
amount of gate-induced drain leakage in the RAD device.

[0008] Therefore, it is desirable to reduce the amount of
gate-induced drain leakage in a RAD structure. It is also
desirable to reduce the amount of gate-induced drain leakage
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while controlling or reducing the amount of other leakages
present in the RAD structure or access transistor.

SUMMARY OF THE INVENTION

[0009] Embodiments of the invention relate to recessed
access devices. More particularly, embodiments of the inven-
tion relate to recessed access devices having gate electrodes
formed from two or more gate materials wherein at least two
of the gate materials have different work functions. Embodi-
ments of the invention also relate to methods of forming
recessed access devices having two or more gate materials
and methods for reducing gate-induced drain leakage (GIDL)
current losses from a recessed access device.

[0010] According to some embodiments of the invention,
the gate electrode of a recessed access device may be formed
by two or more gate materials. A first gate material, having a
first work function, may be formed in the bottom of a trench
in a semiconductor substrate. One or more different gate
materials may be disposed over the first gate material, the one
or more different gate materials having at least a second work
function wherein the second work function is lower than the
first work function.

[0011] According to other embodiments of the invention, a
recessed access device may be formed by depositing a first
gate material over a gate-oxide material in a trench of a
semiconductor substrate. The first gate material may have a
high work function. A second gate material having a lower
work function than the first gate material may be deposited
over the first gate material in at least a portion of the trench.
Additional gate materials may be deposited over the first and
second gate materials. In addition, strap layers, insulating cap
layers, and sidewall spacers may be formed over the first and
second gate layers using conventional fabrication processes.
The difference in work functions between the first gate mate-
rial and the second gate material may reduce GIDL current
losses from the recessed access device.

[0012] Instill other embodiments of the invention, the gate-
induced drain leakage current from a recessed access device
may be reduced by forming the gate electrode of the recessed
access device from two or more gate materials having difter-
ent work functions. A first gate material having a high work
function may be disposed in the bottom of a trench in a
semiconductor substrate and a second gate material having a
lower work function than the first gate material may be dis-
posed over the first gate material in the trench. The difference
in work functions between the first gate material and the
second gate material may reduce the GIDL current losses
from the recessed access device when the recessed access
device is in an off-state.

[0013] According to other embodiments of the invention,
recessed access devices having a gate electrode having two or
more gate materials may be formed using materials as well as
by methods disclosed in co-pending United States Patent
Application Publication No. US 2007/0262395 Al and is
incorporated by reference in its entirety herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] While the specification concludes with claims par-
ticularly pointing out and distinctly claiming that which is
regarded as the present invention, this invention may be more
readily understood and appreciated by one of ordinary skill in
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the art from the following description of the invention when
read in conjunction with the accompanying drawings in
which:

[0015] FIG. 1 illustrates a cross-sectional view of RAD
structures in a semiconductor substrate according to embodi-
ments of the invention;

[0016] FIG. 2 illustrates a cross-sectional view of RAD
structures in a semiconductor substrate according to embodi-
ments of the invention;

[0017] FIG. 3 illustrates a cross-sectional view of RAD
structures in a semiconductor substrate according to embodi-
ments of the invention;

[0018] FIGS. 4A-4C illustrate cross-sectional views of the
formation of RAD structures in a semiconductor substrate
according to embodiments of the invention;

[0019] FIGS. 5A-5D illustrate cross-sectional views of the
formation of RAD structures in a semiconductor substrate
according to embodiments of the invention;

[0020] FIG. 6 illustrates cross-sectional views of three
simulated recessed access devices, wherein the first simulated
recessed access device includes a high work function gate
material, the second simulated recessed access device
includes a multi-work function gate material according to
embodiments of the invention, and the third recessed access
device includes a low work function gate material;

[0021] FIG. 7 illustrates a plot of the gate-induced drain
leakage current of a recessed access device according to
embodiments of the invention as compared to a conventional
recessed access device having a high work function gate
material;

[0022] FIG. 8A illustrates a cross-sectional view of a simu-
lated recessed access device having a multi-work function
gate electrode according to embodiments of the invention;
[0023] FIG. 8B illustrates a plot of the electric fields on the
cell side of a recessed access device for a multi-work function
gate electrode according to embodiments of the invention and
a conventional high work function gate electrode; and
[0024] FIG. 9 illustrates a plot of the threshold voltages of
recessed access devices according to embodiments of the
invention wherein the work functions of the low work func-
tion material in the gate electrodes of the recessed access
devices are different.

DETAILED DESCRIPTION OF THE
ILLUSTRATED EMBODIMENTS

[0025] According to embodiments of the invention, a
recessed access device (RAD) structure may comprise both a
high work function material and a lower work function mate-
rial. The high work function material may be deposited in the
bottom of a RAD structure between the source and drain
junctions in a semiconductor device. The low work function
material may be deposited over the high work function mate-
rial and may fill the remainder of a RAD structure trench
along a gate-drain overlap region in the RAD structures.

[0026] A RAD structure according to embodiments of the
invention is illustrated in FIG. 1. A semiconductor substrate
110 may include one or more trenches 112 having RAD
structures 120 formed therein. The trenches 112 may be lined
with a gate-oxide material 114. A first gate material 122 and
a second gate material 124 may be deposited in the trenches
112 over the gate-oxide material 114. The first gate material
122 may include a high work function material and may be
deposited in the bottom of the trenches 112 as illustrated. The
second gate material 124 may include a material having a

Feb. 9, 2012

lower work function than the high work function material
included in the first gate material 122. The second gate mate-
rial 124 may be deposited over the first gate material 122 and
it may extend outside of the trenches 112 formed in the
semiconductor substrate 110 as illustrated. A strap layer 126
may be deposited over the second gate material 124 and an
insulator cap layer 130 may be deposited over the strap layer
126. The RAD structures 120 may also include sidewall spac-
ers 128 as illustrated in FIG. 1.

[0027] FIG. 2 illustrates another embodiment of RAD
structures 120 that may be formed according to embodiments
of the invention. The RAD structures 120 may be formed in
trenches 112 in a semiconductor substrate 110. A gate-oxide
material 114 may line the trenches 112 and a first gate mate-
rial 122 may overlie at least a portion of the gate-oxide mate-
rial 114 in the trenches 112. The first gate material 122 may
include a high work function material. A second gate material
124 may be deposited over the first gate material 122 in the
trenches 112 and may extend over the first gate material 122
to contact the gate-oxide material 114 in at least a portion of
the trenches 112 as illustrated in FIG. 2. A strap layer 126 and
an insulator cap layer 130 may overlie the gate materials. The
RAD structures 120 may also include sidewall spacers 128
extending from the insulator cap layer 130 to a surface of the
semiconductor substrate 110.

[0028] FIG. 3 illustrates yet another embodiment of RAD
structures 120 according to embodiments of the invention.
The RAD structures 120 may be formed in trenches 112 in a
semiconductor substrate 110. A gate-oxide material 114 may
line at least a portion of the trenches 112. A first gate material
122 may be deposited such that it overlies at least a portion of
the gate-oxide material 114 inthe trenches 112. A second gate
material 124 may overlie the first gate material 122 and may
also contact (not shown) at least a portion of the gate-oxide
material 114 in the trenches 112. A third gate material 125
may be formed over the second gate material 124 and may
also extend around portions of the second gate material 124 as
illustrated in FIG. 3. The third gate material 125 may contact
at least a portion of the second gate material 124. The third
gate material 125 may exhibit a work function lower than that
of the first gate material 122. A strap layer 126 and an insu-
lator cap layer 130 may overlie the gate materials. The RAD
structures 120 may also include sidewall spacers 128 extend-
ing from the insulator cap layer 130 to a surface of the semi-
conductor substrate 110.

[0029] The semiconductor substrates 110 according to
embodiments of the invention may include materials conven-
tionally used with or for the fabrication of semiconductor
substrates 110 for use with memory devices, access devices,
and other semiconductor devices. For example, the semicon-
ductor substrates 110 may include silicon-containing materi-
als such as silicon, silicon-on-insulator structures, and sili-
con-on-sapphire structures.

[0030] Gate-oxide material 114 in the trenches 112 of the
semiconductor substrates may include any gate-oxide layer
that may be used with conventional RAD devices. In addition,
the gate-oxide material 114 may include gate-oxides conven-
tionally used with semiconductor devices and with transistors
and gate stacks used with such semiconductor devices.
[0031] The strap layers 126, insulator cap layers 130, and
sidewall spacers 128 incorporated with embodiments of the
invention may include conventional structures such as those
used in the formation of conventional RAD structures, gate
stacks, and other access devices. For example, the strap layers
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126 may include conductive materials such as metals, con-
ductive silicon materials, doped silicon materials, and other
conductors. In some embodiments, the strap layers 126 may
be formed from low resistance materials, for example, the
strap layers 126 may include tungsten (W) or tungsten silicon
(WSix) materials. The insulator cap layers 130 may include
insulating materials such as nitrides, n-doped polysilicon, or
other insulating materials conventionally used to form insu-
lating layers over memory devices, access devices, transis-
tors, gate stacks, or other semiconductor devices. Similarly,
the sidewall spacers 128 may be formed of materials conven-
tionally used to form spacers with memory devices, access
devices, transistors, gate stacks, or other semiconductor
devices.

[0032] The gate materials of the present invention may
include gate materials conventionally used to form gate
stacks, and recessed access devices. However, according to
embodiments of the invention, the first gate material 122 and
the second gate material 124 may include materials having
different work functions.

[0033] The first gate materials 122 according to embodi-
ments of the invention may be selected to have a higher work
function than the second gate materials 124. Gate materials
having high work functions that may be used with embodi-
ments of the invention may include materials such as p-type
doped polysilicon, titanium nitride (TiN), tantalum nitride
(TaN), tungsten nitride (WN), ruthenium (Ru), molybdenum
nitride (MoN), or combinations of such materials such as, but
not limited to, TaN/TiN, WN/TiN, p-type polysilicon/TiN.
[0034] The second gate materials 124 according to embodi-
ments of the invention preferably have a lower work function
than the first gate materials 122. The second gate materials
124 may include materials such as n-type doped polysilicon,
undoped polysilicon, arsenic (As) doped polysilicon, phos-
phorus (P) doped polysilicon, aluminum (Al), titanium (T1),
tantalum (Ta), and zirconium nitride (ZrN).

[0035] According to some embodiments of the invention,
the first gate material 122 and the second gate material 124
may include one or more layers of gate materials which
comprise the first and second gate materials. For example, the
first gate material 122 may include a first gate material layer
(not shown) and a second first gate material layer (not shown)
and the second gate material 124 may comprise two or more
material layers. The first gate material 122 and second gate
material 124 may also comprise mixtures or alloys of gate
materials such that the first gate material 122 has a higher
work function than the second gate material 124.

[0036] In other embodiments of the invention, additional
gate material layers may be incorporated with the first gate
materials 122 and the second gate materials 124 as exhibited
by the inclusion of a third gate material 125 in the RAD
structures 120 illustrated in FIG. 3. The third gate material
125 may include any gate material having a lower work
function than that of the first gate material 122.

[0037] According to embodiments of the invention, a gate
material which lines or is otherwise positioned in the bottom
portion of a trench 112 of a RAD structure 120 will have the
highest work function of the gate materials used to fabricate
the RAD structure 120. For example, the first gate material
122 in FIGS. 1-3 may have a higher work function than the
second gate material 124 or third gate material 125 overlying
the first gate material 122. Positioning of a high work function
gate material in the bottom portion of a trench 112 of a RAD
structure 120 may decrease the amount of gate-induced drain
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leakage (GIDL) occurring in the RAD structure 120. This
may be especially true when the RAD structure 120 is in an
“oft” state. The reduced amount of GIDL losses may improve
the operation of the RAD structures 120.

[0038] The difference in work function between the gate
material in the bottom portions of the trenches 112 of the
RAD structures 120 and the gate materials used to complete
the remainder of the gate structure in the RAD structures 120
may be very small according to embodiments of the inven-
tion. For example, the difference in work functions between
gate materials used with embodiments of the invention may
be about 0.4 eV. In other embodiments, the difference in work
function values between the highest work function and the
next lowest work function may be between about 0.2 eV and
about 1.5 eV.

[0039] Use of a high work function material with the RAD
structures according to embodiments of the invention may
provide mobility improvement in a semiconductor device
employing the high work function material. The high work
function material may also contribute to a high drive current
for the RAD structure. In addition, use of a low work function
material in combination with the high work function material
may decrease the amount of gate-induced drain leakage and
improve the refresh rates for the RAD structure.

[0040] According to other embodiments of the invention,
methods for producing RAD structures 120 are provided.
FIGS. 4A-4C illustrate a series of fabrication steps that may
be used to form the RAD structures 120 illustrated in FIG. 1
according to embodiments of the invention. In FIG. 4A a first
gate material layer 222 is deposited over a semiconductor
substrate 110 having trenches 112 formed therein. For
example, the first gate material layer 222 may include tita-
nium nitride (TiN) or tantalum nitride (TaN). The trenches
112 in the semiconductor substrate 110 may be formed by
conventional trench forming processes such as by shallow-
trench isolation (STT) processes prior to the deposition of the
first gate material layer 222 over the semiconductor substrate
110. In addition, a gate-oxide material 114 may be grown,
formed, or otherwise deposited over the trenches 112 accord-
ing to conventional practices before depositing the first gate
material layer 222 over the semiconductor substrate 110 and
in the trenches 112 as illustrated in FIG. 4A.

[0041] Asillustrated in FIG. 4B, the first gate material layer
222 may be masked or etched to form the first gate material
122 in the trenches 112. The masking and etching of the first
gate material layer 222 may include conventional masking
and etching processes as well as selective masking and etch-
ing processes to help ensure that a first gate material 122 is
formed in a desired pattern. A second gate material layer 224
may be deposited over the first gate material 122 and in the
trenches 112. The second gate material layer 224 may exhibit
a lower work function than the first gate material 122. For
example, the second gate material layer 224 may include an
undoped polysilicon material or an n-doped polysilicon mate-
rial.

[0042] Masking and etching of the second gate material
layer 224 may result in the formation of the second gate
material 124 as illustrated in FIG. 4C. The masking and
etching may be performed using conventional masking and
etching techniques, including selective etching if desired.
Conventional processes may be used to deposit, mask, etch,
or otherwise form a strap layer 126 over the second gate
material 124, an insulator cap layer 130 over the strap layer
126, and sidewall spacers 128 as illustrated in FIG. 1.
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[0043] The steps and processes illustrated in FIGS. 4A-4C
may also be used to form RAD structures 120 similar to those
illustrated in FIG. 2. In such processes, the masking and
etching of the first gate material layer 222 may be performed
such that a first gate material 122 as illustrated in FIG. 2 is
formed.

[0044] According to other embodiments of the invention,
the first gate material 122 may be formed and shaped as
illustrated in FIG. 3. Various process steps in the formation of
the RAD structures 120 illustrated in FIG. 3 are shown in
FIGS. 5A-5D.

[0045] Similar to other processes for forming RAD struc-
tures according to embodiments of the invention, a semicon-
ductor substrate 110 having trenches 112 formed therein and
lined with a gate-oxide material 114 may be used to form the
RAD structures 120 of F1G. 3. As illustrated in FIG. 5A, a first
gate material layer 222 may be deposited over the gate-oxide
material 114 overlying the semiconductor substrate 110. The
first gate material layer 222 may be deposited or otherwise
formed on the semiconductor substrate 110 and in the
trenches 112 in a thin layer according to conventional meth-
ods and as illustrated in FIG. 5A. For example, a first gate
material layer 222, comprising titanium nitride (TiN) or tan-
talum nitride (TaN) may be deposited over a semiconductor
substrate 110 and in trenches 112 such that the thickness of
the first gate oxide layer 222 is substantially uniform over the
entire expanse of the semiconductor substrate 110 and in the
trenches 112. In other embodiments, the first gate material
layer 222 may be deposited or otherwise formed on the semi-
conductor substrate 110 and in the trenches 112 and then
masked and etched to form a first gate material layer 222 that
is substantially uniform in thickness.

[0046] As illustrated in FIG. 5B, a second gate material
layer 224 may be deposited over the first gate material layer
222 on the semiconductor substrate 110 and in the trenches
112. The second gate material layer 224 may have a work
function that is smaller than the work function of the first gate
material layer 222. For example, a second gate material layer
224 comprising undoped polysilicon or n-doped polysilicon
may be deposited over the first gate material layer 222.
[0047] The second gate material layer 224 may be masked
and etched to recess the second gate material layer 224 in the
trenches 112 to a desired form to form the second gate mate-
rial 124 as illustrated in FIG. 5C. The masking and etching of
the second gate material layer 224 may be performed using
conventional techniques. The first gate material 122 may also
be selectively removed from the walls of the trenches 112
next to the second gate material 124. The removal of the first
gate material 122 may be accomplished using conventional
etching techniques. For example, a first gate material 122
comprising titanium nitride (TiN) may be selectively etched
from within the trenches 112 using a wet etch process
employing a mixture of H202, NH40OH, and deionized water.
In this manner, the first gate material 122 may be etched to a
desired length without damaging the second gate material
124.

[0048] A third gate material layer 225 may be deposited
over the second gate material 124 and the first gate material
122 in the trenches 112 as illustrated in FIG. 5D. The third
gate material layer 225 may then be masked and etched
according to conventional techniques to form a third gate
material 125 and the remainder of the gate of the RAD struc-
tures 120 as illustrated in FIG. 3. The gate may include the
first gate material 122, the second gate material 124 and the
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third gate material 125. The third gate material layer 225 may,
for example, be a layer of n-type polysilicon or undoped
polysilicon. The third gate material 125 may also be doped
with a dopant such as phosphorus (P) or arsenic (As). The
third gate material layer 225 may also be the same material as
used in the formation of the second gate material 124. In at
least some embodiments, the work function of the third gate
material 125 is less than that of the first gate material 122.

[0049] A strap layer 126, an insulator cap layer 130, and
sidewall spacers 128 may be formed over and next to the
unfinished RAD structure 120 illustrated in FIG. 5D to form
a RAD structure 120 such as that illustrated in FIG. 3.

[0050] Although various embodiments of the invention
present RAD structures 120 having different configurations,
embodiments of the invention are not limited by the configu-
ration of the RAD structure 120 or the gate materials within
the RAD structure. According to embodiments of the inven-
tion, the gate of a RAD structure 120 may be formed of two or
more materials having different work functions, wherein the
work function of one material is higher than the other mate-
rials used.

[0051] Embodiments of the invention having both low
work function materials and high work function materials
used to form gate electrodes of RAD structures 120 are
capable of achieving high drive currents during on-states of
the RAD structure 120 while limiting GIDL losses during
off-states.

[0052] A series of RAD structures were simulated using
ATLAS (a software program by Silvaco, Inc. used to simulate
electrical characteristics of semiconductor devices) to ensure
that the multi-work function RAD structures 120 according to
embodiments of the invention provided a decrease in GIDL
losses from the RAD structures 120.

[0053] Three simulated recessed access device structures
were created, tested, and analyzed using ATLAS. Examples
of the three recessed access devices are illustrated in FIG. 6.
The first recessed access device (A) is a simulated recessed
access device having a p-doped polysilicon gate electrode, or
in other words, a high work function gate electrode. The
second recessed access device (B) is a simulated recessed
access device having a multi-work function gate electrode
according to embodiments of the present invention. The sec-
ond recessed access device (B) was simulated with a high
work function material, such a p-doped polysilicon having a
work function of about 5.1 €V, in the bottom of the trench of
the second recessed access device (B) and a lower work
function material, such as an n-doped or undoped polysilicon
having a work function of about 4.6 eV, in the upper portion
of'the trench. The third recessed access device (C) includes a
low work function gate electrode, such as a gate electrode
formed from n-doped or undoped polysilicon. The dimen-
sions and doping concentrations of each of the three recessed
access devices were kept constant but for the gate electrodes
for the ATLAS test to ensure that the threshold voltage in the
devices were the same for the tests.

[0054] A simulated GIDL current was tested for the first
and second recessed access devices illustrated in FIG. 6. The
results are plotted in FIG. 7. As can be seen by the plotted
data, the GIDL current at a gate voltage (Vcep) of about 1.5
eV drops by about an order of magnitude for a change in work
function of 0.5 eV. The GIDL current is less for the second
recessed access device (B) illustrated in FIG. 6 as compared
to the first recessed access device (A).
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[0055] The reduction in GIDL loss in the multi-work func-
tion recessed access device plotted in FIG. 7 indicates that
reductions in GIDL may be achieved by increasing the work
function difference between gate electrode materials used
with embodiments of the invention. For example, the use of a
high work function material, such as titanium nitride (TiN)
having a work function of about 4.9 eV, at the bottom of a
recessed access device and a lower work function material,
such as an n-type polysilicon, to fill the remainder of a
recessed access device may provide a reduction in GIDL
losses for the recessed access device. In addition, increasing
the difference in work functions between the materials used to
form multi-work function gate electrodes in recessed access
devices according to embodiments of the invention may fur-
ther limit GIDL losses in a recessed access device. Further-
more, the use of the high work function material in the bottom
of the recessed access device reduces the amount of substrate
doping that is necessary to control GIDL, thereby increasing
the drive current of the device. The reduction in GIDL also
increases or improves the refresh performance of a recessed
access device.

[0056] The electric field characteristics of the multi-work
function recessed access devices according to embodiments
of the invention were also compared to the electric field
characteristics of a recessed access device having a high work
function gate electrode. FIG. 8A illustrates recessed access
devices according to embodiments of the invention, having a
high work function material in the bottom of the recessed
access device trench and a lower work function material
overlying the high work function material and comprising the
remainder of the gate electrode of the recessed access device.
The electric field along the electric field cutline (Efield cut-
line) illustrated in FIG. 8A was tested and the results plotted
in FIG. 8B. An electric field along a similar point in a recessed
access device having a p-type polysilicon gate electrode (a
high work function gate electrode) is also plotted in FIG. 8B.
As can be seen in the electric field plot, the electric field of the
multi-work function recessed access device according to
embodiments of the invention along the cutline in the cell side
of'a multi-work function recessed access device is lower than
that of a high work function recessed access device. The
inclusion of the lower work function material in the multi-
work function recessed access device of embodiments of the
invention therefore reduces GIDL current in the recessed
access device.

[0057] Multi-work function recessed access devices
according to embodiments of the invention were also tested to
determine if a decrease in the work function of the lower work
function material used to form the gate electrode would create
a difference in the threshold voltage of the recessed access
device. Threshold voltages for four recessed access devices
according to embodiments of the invention were tested and
plotted wherein the lower work function materials used to
form the gate electrodes included low work function materi-
alshaving work functions of 5.1eV,5.0eV,4.5eV,and4.1 eV,
respectively. A plot of the threshold voltages appears in FIG.
9. The plotted data indicate that the threshold voltages for a
multi-work function gate electrode in a recessed access
device according to embodiments of the invention remains
relatively constant regardless of the lower work function
material used to form the gate electrode.

[0058] Recessed access devices employing two or more
different work function materials in a gate electrode accord-
ing to embodiments of the invention enjoy both high drive
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currents similar to high work function gate electrodes and low
GIDL current similar to low work function gate electrodes.
[0059] Having thus described certain currently preferred
embodiments of the present invention, it is understood that
the invention defined by the appended claims is not to be
limited by particular details set forth in the above description,
as many apparent variations thereof are contemplated without
departing from the spirit or scope thereof as hereinafter
claimed.

1. A recessed access device, comprising:

a semiconductor substrate;

at least one trench in the semiconductor substrate;

a gate-oxide layer disposed in the at least one trench;

a first gate material disposed in a bottom portion of the at
least one trench and overlying at least a portion of the
gate-oxide layer, the first gate material having a first
work function; and

a second gate material overlying at least a portion of the
first gate material, the second gate material having a
second work function and at least partially disposed in
the at least one trench;

wherein the first work function is greater than the second
work function.

2. The recessed access device of claim 1, wherein the first

gate material comprises a high work function material.

3. The recessed access device of claim 1, wherein the first
gate material comprises a material having a work function
greater than or equal to 4.5 eV.

4. The recessed access device of claim 1, wherein the first
gate material is selected from the group consisting of p-type
doped polysilicon, titanium nitride (TiN), tantalum nitride
(TaN), tungsten nitride (WN), ruthenium (Ru), molybdenum
nitride (MoN), TaN/TiN, WN/TiN;, p-type polysilicon/TiN,
and combinations thereof.

5. The recessed access device of claim 1, wherein the first
gate material comprises a layer of first gate material having a
substantially uniform thickness disposed over at least a por-
tion of the gate-oxide layer in a bottom portion of the at least
one trench.

6. The recessed access device of claim 1, wherein the
second gate material comprises a low work function material.

7. The recessed access device of claim 1, wherein the
second gate material comprises a material having a work
function less than or equal to 4.5 eV.

8. The recessed access device of claim 1, wherein the
second gate material is selected from the group consisting of
n-doped polysilicon, undoped polysilicon, phosphorus (P)
doped polysilicon, arsenic (As) doped polysilicon, tantalum
(Ta), aluminum (Al), titanium (Ti), and zirconium nitride
(ZxN).

9. The recessed access device of claim 1, further compris-
ing a third gate material, wherein the third gate material has a
third work function which is lower than the first work func-
tion of the first gate material.

10. The recessed access device of claim 9, wherein the third
gate material is disposed over at least a portion of the second
gate material.

11. The recessed access device of claim 1, wherein a dif-
ference between the first work function of the first gate mate-
rial and the second work function of the second gate material
is at least about 0.5 eV.

12. The recessed access device of claim 1, wherein a dif-
ference between the first work function of the first gate mate-
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rial and the second work function of the second gate material
is between about 0.2 eV and about 1.5 eV.
13. The recessed access device of claim 1, further compris-
ing:
a strap layer disposed over at least a portion of the second
gate material;
an insulator cap layer disposed over the strap layer; and
sidewall spacers extending from the insulator cap layerto a
surface of the semiconductor substrate.
14-25. (canceled)
26. The recessed access device of claim 1 wherein the first
gate material is formed to have a planar outermost surface.
27. The recessed access device of claim 1 wherein the first
gate material is formed to have a non-planar outermost sur-
face.
28. The recessed access device of claim 1 wherein the first
gate material is formed to be U-shaped in a cross section
transverse the at least one trench.
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29. The recessed access device of claim 1 wherein the first
gate material is formed to be half circle-shaped in a cross
section transverse the at least one trench.

30. The recessed access device of claim 1 wherein the first
gate material is formed to have a narrower neck-shaped por-
tion extending outwardly from and centrally relative to a
wider first gate material shouldered portion in a cross section
transverse the at least one trench.

31. The recessed access device of claim 1 comprising a
third gate material within the trench over the first gate mate-
rial and the second gate material.

32. The recessed access device of claim 31 wherein the
third gate material has a lower work function than the first
work function.



